events for riders 4 years of age and up. 2 Regulation varies by state. In Minnesota, there are laws protecting children and adolescents using 2-wheel off-road motorcycles. These include mandatory eye protection for all riders, mandatory helmet use for those under 18 years of age, rider education certification for those under 16 years of age, and direct adult supervision for those under 12 years of age (http:// www.americanmotorcyclist.com).
Two populations of pediatric motorcyclists have been studied. Over a 6-year period in Ohio, 6 participating hospitals admitted 182 children suffering from injuries sustained while operating a motorbike. They reported that 22% of the hospitalized patients suffered a head injury, but further details were not specified. 29 In Minnesota, our collaborators have published 2 reports on pediatric motocross injuries. 16, 21 The first looked at the range of injuries and overall economic burden in a group of 248 patients who presented to the emergency department following motocross accidents. The second study looked at the various truncal injuries sustained. Neither of the 2 studies focused on CNS-related injuries. Thus, there are currently limited available data in regards to head and spine injuries sustained by pediatric patients while operating a motorcycle or participating in motocross.
Within our regional catchment area, there are 7 competition motocross courses. Due to our rural location, injuries from these tracks are most commonly referred to our tertiary care center. 16, 21 The purpose of this study is to determine the type, severity, and modifying factors of head and spine injuries sustained by competitive and recreational pediatric motocross riders.
methods
This is a retrospective population-based cohort study that was approved by the Mayo Clinic institutional review board. The study population consisted of patients aged 18 years or less who were treated for a motorbike/motocross injury at our Level 1 trauma facility between 2000 and 2007. This is an overlapping cohort that was included in our recent studies investigating the orthopedic injuries and economic cost of pediatric motocross accidents. 16, 21 A motorbike was defined as a "2-wheeled vehicle that was designed for off-road use" 21 and included dirt bikes, minibikes, and miniature motorcycles. The patient had to be operating a motorbike either for recreational or competitive use on a closed course or private property. Passengers or pedestrians hit by a motorbike, as well as patients injured in accidents involving all-terrain vehicles (ATVs), were excluded from this study.
Patients were identified through our institution's medical, surgical, and trauma databases, which track all trauma hospital admissions and Level 1 and 2 traumas evaluated in our emergency department. Demographic and accidentrelated data including age, sex, location of accident, and use of helmet were collected. The records were reviewed for injury type, LOC, Glasgow Coma Scale (GCS) score, neurological examination findings, imaging abnormalities on head and spine CT scans, days of hospitalization, and need for surgery. TBI or head injury was defined as a positive LOC (confirmed LOC) or a head CT abnormality.
results
We identified 298 injuries in 248 unique patients during the study period (Table 1) Head injury type is outlined in Table 2 . Head injury or TBI occurred in 60 (20.1%) of 298 injuries, with 95% (57 of 60) of these patients suffering a concussion with LOC. The patients' earliest recorded GCS score averaged 14.5 (range [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Four patients presented with neurological deficits (6.6% overall)-hemiparesis, hemianesthesia, cranial nerve (CN) III palsy, and paraplegia (from spinal cord injury). In 83 (28%) of the 298 injury episodes, the workup included CT scans. Of the 60 patients with head injuries, 10 (representing 3.4% of our overall patient group) had abnormal head CT findings, including skull fractures (5 patients), epidural hematoma (1 patient), subdural hematoma (3 patients), subarachnoid hemorrhage (5 patients), intraparenchymal hemorrhage (1 patient), and diffuse axonal injury (1 patient). Forty (66.7%) of the patients with a head injury were admitted to the hospital. Two patients were admitted with significant head injuries and LOC of more than 30 minutes. Of these patients, one was able to return to school and noncontact sports 3 years following injury. The second patient had prolonged hemiparesis and was able to return to school 18 months following injury. A third patient had a persistent CN III palsy. All of the patients with neurological deficits were wearing helmets and were participating in formal competition at the time of their accident. Of the 60 patients with head injuries, 40 (66.7%) were confirmed to be wearing their helmet at the time of accident, and 3 (5%) admitted to no hel- met use. The remaining patients did not have helmet use documented at the time of accident. All patients riding at a formal motocross course were helmeted. Of note, 50 patients (20.1%) presented to the emergency department for 2 separate motocross accidents, and 4 of these patients had repeat head injuries. Spine fractures were found in 13 (4.4%) of 298 injuries and included transverse process fractures (5 patients), and thoracic or lumbar compression/burst fractures (11 patients). Surgical stabilization of the spine was required in 5 cases. Cervical strain was diagnosed in 9 patients (3.0%) and treated with a cervical collar, but no cervical fractures were identified. One patient presented with a complete spinal cord injury (paraplegia) from a T-5 burst fracture with disc retropulsion, but after surgical decompression and extensive inpatient/outpatient therapy, the patient's condition improved and 1 year after the accident, the injury classification on the American Spinal Injury Association (ASIA) Impairment Scale was ASIA D . discussion Sport-related TBI has been garnering greater attention, including professional and amateur sport league rule changes as well as increased attention to diagnosis and treatment of TBI and the impact on young athletes. 31 In 2009, the state of Washington became the first state to pass a law regarding concussion management in children, but recently all 50 states have adopted similar types of legislation surrounding concussion management in youth athletes. Most of these laws require school boards and state athletic associations to develop and provide educational materials and guidelines for athletes, coaches, and parents surrounding concussions in sports. Moreover, most states require a physician or licensed health care professional to give the final return-to-play clearance following a sport-related concussion. We suspect that the majority of patients with mild concussions from motocross accidents are never seen by a physician or cleared for return to play.
Despite all this attention, sports like motocross, in which high-velocity impacts can be expected, continue to gain in popularity. Using the National Electronic Injury Surveillance System All-Injury Program (NEISS-AIP), the Centers for Disease Control (CDC) estimates that 23,800 off-road motorcyclists under 19 years of age were treated in US hospitals for nonfatal injuries from 2001 to 2004. 5 Additionally, there was a 33.7% increase in injury rate from 2001 to 2004, although it was not deemed statistically significant.
5 Although age-stratified data on participation in motocross are not available, the sport itself has grown, as evidenced by off-road-capable motorcycle sales, which have almost doubled from 1999 to the 300,000 bikes sold in 2003. 7 There is little information on overall injury rates in the pediatric population involved in motorsports. The first major studies involved ATV riders: In 2005, there were 804 deaths attributable to ATVs, with 163 of the decedents being children, and 136,700 emergency room-treated injuries, of which 30% occurred in children, according to a Consumer Product Safety Commission report published in 2010. 6 In a study based on the Kids' Inpatient Database and published in 2005, Killingsworth et al. reported that 2600 admissions were due to ATVs over a 3-year period. 17 Based on injury patterns in 3-and 4-wheeled ATVs and other safety concerns, the sale of 3-wheeled ATVs was banned in 1988, and the American Academy of Pediatrics recommends that no 2-or 4-wheeled off-road vehicle be ridden by a child under 16 years of age. Furthermore, the Consumer Product Safety Commission recommends that children be restricted to an ATV engine size of less than 90 cc. Similar formal recommendations for motorbike use are absent.
Three studies of motocross morbidity in children outline the seriousness of these injuries. In the Ohio study, in 182 patients presenting to the emergency department following a motorbike crash, there were 510 injuries, with 68.7% of patients sustaining multiple injuries. Of these patients, 1 patient died, 8 patients required rehabilitation. The median length of hospital stay was 4.6 days (range less than 1 day to 100 days), although no specific details regarding head injuries were included. 29 In the Minnesota study, our collaborators looked at the overall injury patterns and economic cost of motocross injuries in children. In the 299 injury episodes, 141 patients (56.6%) were admitted to the hospital (20 via intensive care unit) with a mean length of stay of 2.9 days (range 1-29 days). Surgery was required in 91 cases (36.5%), and a significant amount of orthopedic injuries (95.0%) were identified. The mean charges per hospitalization ranged from $105 to $217,780, for a total cost of $4.5 million. 21 Another study looked at the truncal injuries sustained during formal motocross racing. In 162 accidents that presented to our emergency department, 30 patients (18.5%) were found to have abdominal or thoracic injuries, and 27 of these patients required surgery. The most common injuries were pneumothorax, pulmonary contusions, and splenic or hepatic lacerations.
A recent report by the American Academy of Pediatrics suggests that only 10% of patients with concussions have a positive LOC. In our study, 95% of patients diagnosed with head injury had a positive LOC at the time of accident. Although it is possible that the speed and high impact forces generated in a motocross crash may lead to patients having a higher incidence of LOC than in other sports, it is likely that mild and moderate concussions are simply not being captured in this analysis. Thus, it is likely that this study significantly underreports the incidence of TBI in pediatric motocross riders. Furthermore, we suspect that most children with concussions following motocross accidents are not evaluated by a physician or properly given return-to-play clearance as mandated by current legislation in sanctioned high school sports. This realization has prompted our group to survey riders from a local motocross race track directly to determine the incidence of unreported TBI. 24 Our investigation determined that nearly half of the riders surveyed reported concussion symptoms, yet over 60% of those riders continued riding on the same day, supporting our theory that we are not capturing all injuries and mild and moderate head injuries are not being appropriately evaluated and treated.
Observational studies have demonstrated that motorcycle helmet use reduces the risk of death and head injury 15, 23, 28 and lowers hospital charges in the event of a motorcycle accident. 3, 27 The largest evidence comes from a meta-analysis of 61 observational studies demonstrating a 42% decreased incidence of death and a 69% decreased incidence of head injury with motorcycle helmet use. 23 Such information is lacking in the pediatric population, but the importance of helmet use in motocross riding can be extrapolated from other activities that can involve cranial impact, such as bicycle riding. 26 It appears that this information has permeated the motocross community: in our study, only 5% of riders with head injuries were confirmed to have not been wearing helmets. In contrast, despite helmet use being universally known as a safety precaution, it is estimated that only 15%-25% of children wear helmets while riding bicycles. 26 Although the acceptance of safety equipment should be applauded, the severity and frequency of injury despite helmet use underscores the dangers of motocross riding.
There are two other published studies specifically looking at motocross injury patterns. The first was out of Southern California and reviewed 270 motocross injuries in patients who presented to the emergency department, but it included few children. 12 The authors found a high rate of head injury (88 injuries [33%]) in this mostly adult population, with the majority of the patients with head injuries presenting with concussion. They also found a high occurrence of spine fractures (24 fractures [9% of injuries]) that was about twice as much as in our study and one patient had a spinal cord injury. In a large study out of Europe that looked at motocross injuries in professional motocross racers during International Motorcycle Federation races, a high incidence of head injury was also observed. 11 The authors reported only 5.7% of accidents were associated with a head injury but state that, in the 1500 accidents, 16.3% had a positive LOC-which is similar to our findings. They found a 2% occurrence of spine fractures, and 0.5% of accidents resulted in a spinal cord injury. Other studies also indicate that spine injuries are relatively rare, comprising only 5.8% of reported fractures, but they are often severe, with one-third of patients suffering permanent neurological damage. 13 Since the publication of these studies involving predominantly adult cohorts, attention to spine injury prevention has increased and cervical spine protection equipment, such as the HANS device (http:// hansdevice.com/Home.html), has increased in popularity. Nevertheless, it remains to be seen if use of this expensive equipment trickles down to younger riders or if there is a major impact on injury rates. 8 While the present study provides a unique perspective due to the near-captive patient population our rural tertiary care center offers, there are major limitations, especially in estimating the number of patients at risk for trauma and therefore the overall rate of severe injury. 24 That said, the growing popularity of motocross and the young age of participants necessitates evaluation of safety procedures to reduce the risk of head injury among participants. 18, 34 Sadly, many states have no regulations involving children and adolescents riding off-road motorcycles. 29, 34 Helmets should be mandatory in all states for pediatric motorsport participants. Education should be mandatory and should include explicit details on the risk of serious injury and death and instruction in helmet use, as well as rider training. Restrictions on the purchase of these small motorcycles should be discussed at the legislative level, although the likelihood of banning sales is low. 29 At the very least, physicians need to be aware of the risks and promote responsible riding among their patients.
conclusions
Motocross riding in the pediatric population is a growing sport and thus far the risks have been poorly defined. We note a high rate of TBI in pediatric motocross riders, but our data suggest that our findings greatly underestimate the true risk. While other studies conclusively demonstrate that helmet use decreases the risk of death and head injury, our study clearly demonstrates that helmet use does not eliminate these risks. Riders and parents need to be counseled accordingly about the risks of head injury prior to participation and in accordance with state laws. Furthermore, formal return-to-play guidelines following concussions need to be developed and supported by the American Motorcycle Association and by professional supercross and motocross participants. 
